Cues predicting rewards can gain motivational properties and initiate reward-seeking behaviors. Dopamine projections from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) are critical in regulating cue-motivated responding. Although, approximately one third of mesoaccumbal projection neurons are GABAergic, it is unclear how this population influences motivational processes and cue processing. This is largely due to our inability to pharmacologically probe circuit level contributions of VTA-GABA, which arises from diverse sources, including multiple GABA afferents, interneurons, and projection neurons. Here we used a combinatorial viral vector approach to restrict activating Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) to GABA neurons in the VTA of wild-type rats trained to respond during a distinct audiovisual cue for sucrose. We measured different aspects of motivation for the cue or primary reinforcer, while chemogenetically activating either the VTA-GABA neurons or their projections to the NAc. Activation of VTA-GABA neurons decreased cue-induced responding and accuracy, while increasing latencies to respond to the cue and obtain the reward. Perseverative and spontaneous responses decreased, yet the rats persisted in entering the reward cup when the cue and reward were absent. However, activation of the VTA-GABA terminals in the accumbens had no effect on any of these behaviors. Together, we demonstrate that VTA-GABA neuron activity preferentially attenuates the ability of cues to trigger reward-seeking, while some aspects of the motivation for the reward itself are preserved. Additionally, the dense VTA-GABA projections to the NAc do not influence the motivational salience of the cue.
INTRODUCTION
When neutral cues are repeatedly paired with a reward, they can become powerful incentives for reward-seeking, a process that is heavily dependent upon mesoaccumbal dopamine (DA) [1] [2] [3] . Yet, γ-aminobutyric acid (GABA) neurons are also present in the ventral tegmental area (VTA), and their role in regulating VTA mediated reward processes is not well understood. Pharmacological studies show that intra-VTA microinfusions of GABA agonists attenuate reward-predictive cue behavior, cue-evoked firing of target neurons in the nucleus accumbens (NAc), and disrupt both sucrose self-administration and feeding [4] [5] [6] . However, pre-and post-synaptic GABA receptors are ubiquitous throughout the VTA [7, 8] , which also receives numerous GABA afferents from the NAc [9] [10] [11] , the pedunculopontine tegmental nucleus, and the lateral hypothalamus ( [8] , [12] [13]), making it unclear if these pharmacological effects are attributable to resident GABA neurons within the VTA, signaling directly through GABA receptors on DA neurons, or by modulating GABA and/or glutamate afferents.
VTA-GABA neurons are thought to consist primarily of GABA interneurons, while an estimated 20% project to other areas, including the NAc [7, 14, 15] . In fact, approximately one third of mesoaccumbal projecting neurons are GABAergic [16] . These unique GABA projection neurons likely have distinct influences on reward-seeking behaviors, however compared to DA, relatively little is known about the functional role of either VTA-GABA neurons or the mesoaccumbal GABA projections in reward-cue processing.
Recent advances in genetics have permitted the direct examination and manipulation of VTA-GABA neurons in mice, however behavioral assessments on cue processing have produced mixed results. For example, VTA-GABA neurons displayed enhanced firing in response to a reward-predictive odor cue [17] . Yet, while one study demonstrated that optogenetic activation of VTA-GABA cell bodies disrupted anticipatory licking to a sucrosepredictive odor [18] , another failed to show an effect on anticipatory licking induced by a predictive light-tone cue [19] . In an appetitive Pavlovian conditioning paradigm, inhibition of VTA-GABA neurons tended to delay task acquisition [13] .
Studies employing optogenetic stimulation of VTA-GABA terminals in the NAc are sparse but have likewise produced confounding results. In one study, activation of these GABA terminals had no effect on sucrose consumption [19] . Yet another study showed that activation of VTA-GABA terminals in the NAc during training enhanced discrimination learning, such that in later testing the mice were able to discriminate between a cue predicting an aversive stimulus and a similar but unpaired cue [20] . These studies indicate that either the mesoaccumbal GABA projections influence only negative reinforcement, or that the anticipatory licking behavior could not capture the effects of activating these projections on reward-predictive cues.
In this study, we sought to determine how VTA-GABA neurons influence instrumental responding to reward-predictive cues in a rat Pavlovian instrumental task, and whether mesoaccumbal GABA projections also contribute to these behaviors. Targeted activation of VTA-GABA neurons was achieved using a novel combinatorial viral approach to deliver activating DREADDs (Designer Receptors Exclusively Activated by Designer Drugs, hM3D) to VTA-GABA neurons in wild-type rats. This circuit level approach overcomes the promiscuity of locally delivered pharmacological agents. Further, our sophisticated operant model is sensitive to GABAergic pharmacological manipulations [6] , and requires a robust behavioral response which integrates multiple reward-related processes, including attending to a predictive cue, seeking out the reward, and consuming it. Thus, our approach provides a better understanding of how VTA-GABA neurons and mesoaccumbal GABA projections influence cue motivated responding and definitely determine if these VTA-GABA neurons influence responding to reward-predictive cues.
METHODS AND MATERIALS
Subjects Long-Evans rats (Envigo, Indianapolis, IN) weighing~290-320 g were individually housed under a 12 h/12 h light/dark cycle (lights on at 3 PM), with all behavioral experiments conducted at 9 AM. Food and water were available ad libitum. Male Sprague Dawley rats (200-300 g) were used for electrophysiological experiments. All procedures complied with the Guide for the Care and Use of Laboratory Animals (NIH, Publication 865-23) and were approved by the Institutional Care and Use Committee at the University at Buffalo.
Adeno-associated virus (AAV)
To target GABA neurons, we used a combinatorial viral vector approach in which Cre recombinase expression is driven by the rat glutamate decarboxylase 1 (GAD1) promoter [21] , while the excitatory DREADD (hM3D) or channelrhodopsin-2 (ChR2) was provided in a Cre dependent DIO (Double-floxed Inverse Orientation) configuration, which requires Cre recombinase to flip it in line with the generalized EF1α promoter. Specifically, DIOChR2-EYFP-AAV2/10 (electrophysiology) or DIO-hM3D-mCherry-AAV2/10 (electrophysiology and behavior) were co-infused with GAD1-Cre-AAV2/10 into the VTA (Fig. 1a) . Previously we used this combinatorial approach to restrict ChR2 to tyrosine hydroxylase positive neurons in the VTA [22] [23] [24] .
Stereotaxic virus injection surgery Rats (n = 23) were bilaterally infused with either 1 μl of virus (333 nl of GAD1-Cre co-infused with either 667 nl of DIO-hM3D-mCherry or DIO-ChR2-EYFP) or 0.5 μl of virus (167 nl of GAD1-Cre co-infused with 333 nl of DIO-hM3D-mCherry) into the VTA (in mm from bregma: AP −5.6, ML ± 1.0, DV −7.8) over 2 min using a Drummond Nanoject injector equipped with a glass capillary, and 8 of these were then implanted with double 26 ga cannulae (PlasticsOne, Roanoke, VA) in the NAc (in mm from bregma: AP, +1.5, ML, ±1.1, DV, −5.5) in a procedure detailed elsewhere [25] . Rats trained on the incentive cue (IC) task were allowed a minimum of 5 days before resuming behavioral sessions, and all rats were allowed >2 weeks before undergoing their respective drug treatments or procedures. Additional rats (n = 15) were infused with GFP control virus to serve as sham controls for various behavioral measures and electrophysiological experiments; of these 6 were also implanted with cannulae in the NAc as described above.
Drugs and treatment For activation of VTA-GABA cell bodies, clozapine N-oxide (CNO, National Institutes of Drug Abuse Drug Supply Program, Baltimore, MD) was dissolved with 0.9% sterile saline and 0.3 mg/kg administered intraperitoneally (i.p.) 30 min prior to the session [26, 27] . CNO and saline injections were randomized and occurred at least 3 days apart. To selectively activate VTA-GABA terminals in the NAc, rats implanted with cannula were bilaterally infused with 0.3 µl of saline or 1 mM CNO (300 µmol total) dissolved in 0.9% sterile saline [28] at 0.15 μl/min in a procedure adapted from others [25] and detailed further in Supplementary materials and methods. In order to rule out a potential role of clozapine on behavioral responses, clozapine (CZP, Enzo Life Sciences, Inc., Farmingdale, NY) was dissolved with 0.9% sterile saline and 0.3 mg/kg administered i.p. 30 min prior to the session.
Behavioral apparatus Testing occurred in operant chambers (Med-Associates, Georgia, VT) within a sound-attenuating cubicle, equipped with two illuminated infrared nosepoke ports surrounding a centrally located liquid receptacle equipped with an infrared entry detector. A white houselight and a tone generator speaker were located on the opposite wall. Each chamber was equipped with a pump to deliver 10% sucrose. Locomotor testing occurred in open-field activity monitors (Med-Associates, Georgia, VT) within a soundattenuating cubicle. A white houselight was located in the corner of the cubicle and a ventilation fan provided white noise.
Training and behavioral paradigm IC task training. The IC task is modified from others described elsewhere [6, 25, 29] and in detail in Supplementary methods.
Free drinking. A free drinking session was conducted in the operant chambers, where head entry into the reward receptacle activated the pump, delivering sucrose continuously into the cup until the rat left the receptacle. The first 2-min was analyzed as the total volume consumed in this period was equivalent to that consumed after saline pretreatment during the IC sessions. Chambers were checked after each session to confirm all the liquid had been consumed. Head entries in the previously active or inactive nosepoke port had no programmed consequences.
Locomotor activity. Activity was assessed in a subset of rats (hM3D, n = 7; GFP, n = 6) in open-field chambers for 20 min. Rats were acclimatized to the chambers for two consecutive days, and pretreatment with CNO or saline 30 min prior to the session on the third day.
Histological verification Histological verification of virus and cannula placements were conducted for all subjects using immunohistochemistry, as detailed in Supplementary methods, and described elsewhere [22] .
Electrophysiology and LED photostimulation Neurons in the VTA were visualized using an Olympus BX-51-WI fluorescent microscope. Somatic recordings were obtained from EYFP negative putative DA neurons (n = 4) with patch electrodes (3-5 MΩ) filled with a solution containing (in mM): 120 cesium methanesulfonic acid; Cs-Cl; 10 Na 2 -phosphocreatine, 10 HEPES; 1 MgCl 2 ; 1 EGTA; 2 Na 2 -ATP; 0.25 Na-GTP (pH = 7.3; adjusted with Cs-OH; Osmolarity: 280 to 290 mOsmol/l) or a solution containing: 120 potassium gluconate, 10 Na 2 -phosphocreatine, 10 KCl, 10 HEPES, 1 MgCl 2 , 1 EGTA, 2 Na 2 -ATP, and 0.25 Na-GTP (pH = 7.3). All recordings VTA-GABA neurons disrupt incentive cue responding... KT Wakabayashi et al. were performed in the presence of 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 µM), D-(-)-2-Amino-5-phosphonopentanoic acid (D-APV; 20 µM) to block AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-Methyl-D-aspartic acid) receptors, respectively. LED photostimulation was delivered using a Prizmatix LED module (465 nm). Light was delivered through 200-µm path optical cable with a bare 1 cm glass exposed. Optically induced currents were triggered at a frequency of 0.005 Hz with light pulses (duration: 5 ms, intensity: 2-5 mW). For chemogenetic experiments, CNO was applied at concentrations of 0.1, 0.3, or 1.0 μM for 15-20 min followed by a wash out period.
Measures and data analysis We quantified four basic metrics in the incentive cue task: the response ratio for the IC predicting availability of sucrose (#nosepokes resulting in a reward/#ICs), the nosepoke latency (time; T) to emit a rewarded nosepoke (T nosepoke -T IC ), the reward cup latency to enter the cup after a rewarded nosepoke (T receptacle - . The GABA A antagonist picrotoxin (100 µM) decreases the amplitude of oPSCs. f oPSCs reverse polarity at E cl (i.e., −58 mV). g Representative double fluorescent image of GAD1 targeted hM3D (top), TH (middle) and merged (bottom) of the left and right VTA, scale bar indicates 100 µm. h Double immunofluorescence staining for tyrosine hydroxylase (TH; cyan) and hM3D-mCherry (magenta) in the VTA, scale bar indicates 20 µm. i Illustrates representative recording traces from spontaneously firing DA neurons in a GFP sham rat (top) and a GAD1 directed hM3D rat (bottom), respectively. At 1 μM, CNO had no effects on the spontaneous firing of a DA neuron recorded from a GFP sham rat. In contrast, CNO at 0.1 μM completely inhibited the spontaneous firing of a DA neuron recorded from a GAD1 directed hM3D rat. j Diagram of events for a successful response during the IC task denoting the rat snout (gray cone) responding to the IC (A), by nosepoking (B), followed by a reward cup entry (C) T nosepoke ), and the nosepoke accuracy (#rewarded nosepokes/ #total nosepokes). We also counted the number of ICs before the rats earned their first reward. We classified unrewarded active nosepokes as "perseverative" if they occurred while the reward was being delivered (during the CS+ and pump on), "near misses" if they occurred 0-8 s after an unrewarded IC, or "spontaneous" if they occurred in the variable interval between IC presentations. Overall reward-cup behavior was quantified as the total cup entries per reward earned. To characterize common action patterns associated in response to an IC during the task, we quantified the number of times rats engaged in rewarded sequences: a successful nosepoke during an IC presentation followed by entry into the reward receptacle (IC (A + )→nosepoke (B)→reward cup (C)), or a reward cup entry prior to a successful nosepoke response during an IC (A + →C→B→C). Three unrewarded action patterns were quantified: entering the reward receptacle only during an IC (A + →C), ignoring the IC and then entering the reward cup when the IC was off (i.e., A 0 →C), and when the rat did not respond during or between the IC presentations (A 0 ). The total volume consumed during a freedrinking session was derived from the length of time the rat remained inside the reward receptacle and the flowrate of the pump. Locomotion was quantified as distance traveled in the session.
Statistical comparisons were conducted using t-tests, Wilcoxon matched-pairs signed-rank tests, One-way, Two-way repeatedmeasures (RM), and mixed design ANOVA, followed by a HolmsSidak correction for pairwise comparisons, where appropriate. Normality was tested with a Shapiro-Wilk test. Significance was set to α = 0.05. Additional details on the statistical tests are provided in the relevant results or figure legends.
RESULTS
To validate the dual virus targeting system, we first co-infused the EF1α-DIO-ChR2-EYFP-AAV2/10 virus with the GAD1-Cre-AAV2/10 virus into the VTA. Double immunofluorescence for EYFP and TH revealed that ChR2-EYFP expression occurred primarily in non-DA neurons (Fig. 1b) in reported proportions for DA and GABA neurons in the VTA (~74% of total neurons were TH+ /ChR2-,~25% TH-/ ChR2+, and <0.5% TH+/ChR2+, 406 total, n = 4, Fig. 1c , [30, 31] ). Numerous ChR2-EYFP+ terminals were also observed in the NAc (Fig. 1d) . To verify that the ChR2+ neurons were GABAergic, we examined whether photoactivation of ChR2 triggers GABA-mediated synaptic currents in putative DA neurons. We found that in the presence of AMPA and NMDA receptor antagonists, local photostimulation elicited robust optical inhibitory post-synaptic currents (oIPSCs) in putative DA neurons (Fig. 1e, f) . oIPSCs were recorded at various holding potentials (Fig. 1f, each trace is the average of 10 trials at 0.05 Hz). These oIPSCs reversed polarity at the equilibrium potential of chloride ions (i.e., −58 mV) determined in our experimental condition and were blocked by the GABA A receptor antagonist picrotoxin (100 µM, Fig. 1e , inset is an example oIPSC collected before and during picrotoxin application). Collectively, this experiment indicates that ChR2+ neurons in the VTA are indeed GABAergic and their activation induces a robust GABA-IPSC in putative VTA-DA neurons. Additional rats were co-infused with EF1α-DIO-hM3D-mCherry-AAV2/10 and GAD1-Cre-AAV2/10 viruses into the VTA (Fig. 1a) . Robust and widespread hM3D-mCherry expression was observed in the VTA (Fig. 1g) . Note that although some yellow is observed in the bottom panel, the objective used to generate this image cannot resolve closely located signals. Importantly, as in Fig. 1b, hM3D -mCherry+ neurons did not co-localize with TH+ neurons (Fig. 1h) . Additional recordings were performed to test CNO effects. We showed that bath applied CNO at 10 µM had no effects on the spontaneous firing of a DA neuron recorded from a GFP sham control rat (Fig. 1i, top panel) while the same concentration of CNO completely inhibited neuron firing in a DA neuron which recovered after wash out. In addition, the spontaneous firing of DA neurons was completely inhibited at lower CNO concentrations (0.1, 0.3, and 1 µM; n = 3; Fig. 1i, bottom panel) . In all of these neurons, spontaneous firing returned upon wash out of CNO. These viruses were then applied to a new cohort of rats, which were trained on the IC task (Fig. 1j, Supplementary methods) . Fig. 2 Activation of VTA-GABA neurons regulate incentive cue (IC) task performance. All data are shown as mean ± SEM. a Response ratio and accuracy significantly decreased, and latency to nosepoke and enter reward cup significantly increased after systemic CNO in rats expressing hM3D compared to saline and rats expressing GFP. b Intra-NAc injections of CNO had no effect on IC performance across the behavioral metrics, in either hM3D or GFP expressing rats. Asterisks represent significant differences determined by a Holms-Sidak post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001) VTA-GABA neurons disrupt incentive cue responding... KT Wakabayashi et al. Effect of VTA-GABA stimulation on performance in the incentive cue task We initially assessed the effects of systemic and intra-NAc CNO administration on overall IC task performance during the entire 1-h session in rats expressing either hM3D or sham GFP controls (Fig. 2 ). When pretreated systemically by i.p. CNO (Fig. 2a) , there was a significant Treatment × Virus interaction, decreasing mean response ratios (F 1,28 = 48.02, p < 0.0001) and accuracy (F 1, 28 = 9.39, p = 0.005) while increasing nosepoke (F 1,28 = 45.05, p < 0.0001) and reward (F 1,28 = 15.60, p < 0.0001) latencies only in rats expressing hM3D. Of note, CNO itself did not have a behavioral effect in any of the IC task metrics in rats infused with a sham GFP virus. Activation of GABA terminals in the NAc alone by intra-NAc CNO infusions had no effect on any of the performance metrics in either rats expressing hM3D or sham GFP controls (Fig. 2b) . Importantly, this dose of microinfused CNO is effective in other studies ( [28] , unpublished results).
We further examined the effect of systemic VTA-GABA chemogenetic activation on task performance in a subset of rats (Fig. 3a) . Rats maintained a stable baseline of responding over the 1-h session after saline pretreatment, and did not differ significantly from GFP controls pretreated with saline or CNO ( Figure S1A ). However, when pretreated with CNO i.p., rats showed a significant decrease in response ratio compared to saline performance (Two-way RM ANOVA, main effect of Time F 3,27 = 5.58, p = 0.0041, treatment, p < 0.0001, F 1,9 = 6.18, Time × Treatment F 3,27 = 5.51, p = 0.0044) and overall accuracy (main effect of Treatment, F 1,9 = 6.41, p = 0.0321). Rats also uniformly increased their latency to nosepoke (main effect of Treatment F 1,9 = 69.2, p < 0.0001), and obtain the reward (main effect of Treatment F 1,9 = 29.8, p = 0.0004). All other effects and interactions were not significant.
We next examined the type of nosepokes emitted (Fig. 3b) to determine whether changes in accuracy after VTA-GABA stimulation (Fig. 3a) result from either decreased responding to the IC or increases in inappropriate nosepoking between ICs. In systemically treated rats, there was a significant Treatment × Virus interaction (Fig. 3b, F 1 ,57 = 33.27, p < 0.0001) and a significant Treatment × Nosepoke type interaction (F 1,57 = 26.64, p < 0.0001) indicating that VTA-GABA neuron activation decreased rewarded nosepokes in rats expressing the DREADD but not GFP controls. Furthermore, there was no effect of stimulating the NAc projections directly (Fig. 3b) . We next categorized the nosepokes as spontaneous (occurring between IC), perseverative (multiple nosepokes during IC and subsequent 4-s CS+) and near misses (occurring immediately after the IC ended). Systemic VTA-GABA activation did not alter perseverative, near miss, or spontaneous nosepokes compared to saline or GFP controls (Supplementary Figure S1B) . Overall, the decrease in accuracy in Fig. 3a is therefore attributable to decreased rewarded nosepokes, rather than an increase in inappropriate responding when the reward was not available.
We also examined behavior in relation to the reward cup. After VTA-GABA activation, there was a Treatment × Virus interaction, due to a decrease in the number of reward cup entries during the session in hM3D rats after CNO pretreatment (Fig. 4a, F 1,28 = 6 .04, p = 0.02). VTA-GABA activation also decreased the mean number of rewards earned in the same rats (F 1,28 = 89.77, p < 0.0001), but not proportionally, such that saline treated and GFP control rats entered the reward cup~1.5-times/reward earned, while VTA-GABA neuron activation increased this to~4-times/reward (Treatment × Virus interaction, F 1,28 = 6.44, p = 0.017). There were no changes in these metrics after intra-accumbal CNO administration. Together this suggests that activating VTA-GABA neurons disrupts responding during the IC, while some reward-seeking behaviors (e.g., cup entries) are preserved.
We next sought to determine whether the effects of VTA-GABA neuron activation occurred from the beginning of the session or required the rats to experience the reward. Rats normally respond to the first IC (1.12 ± 0.08th IC;~33 s from start of session, Fig. 4b ), but after VTA-GABA activation, the rats responded to a later IC (1.94 ± 0.33rd IC;~60 s from start of session, planned two-tailed Wilcoxon matched-pairs signed-rank test, W = 40, p = 0.019). Again, there was no effect on first IC responded to when VTA-GABA terminals are activated by intra-NAc CNO infusions (Fig. 4b) . Intra-accumbal cannula placements were also confirmed in Fig. 4b . These data indicate that the effects of VTA-GABA were present at the onset of the session, but again mesoaccumbal GABA does not have a role in these effects.
Given the apparent increase in cup entries when the reward was not available, we next sought to determine how VTA-GABA activation influenced the actions initiated after each IC (Fig. 4c) . After saline, rats generally responded during an IC with a nosepoke and then reward cup entry to obtain the reward (A + →B→C; Fig. 1g) . Occasionally, the reward cup was entered first, before nosepoking during an IC (A + →C→B→C). After VTA-GABA activation, the number of A + →B→C rewarded action sequences significantly decreased (Fig. 4c, Treatment × Virus interaction, F 1,28 Fig. 3 VTA-GABA neuron mediated decreases in incentive cue (IC) task performance are not mediated by inappropriate nosepoking. All data are presented as mean ± SEM. a Systemic CNO significantly decreased the response ratio and accuracy throughout the 1-h session when compared to saline control while the latency to nosepoke after the presentation of an IC and enter the reward cup significantly increased. b The total number of rewarded and unrewarded nosepokes during a session after systemic and intraNAc CNO administration. The number of rewarded nosepokes significantly decreased after systemic but not intra-NAc CNO pretreatment compared to saline and GFP controls. For clarity, we report all significant differences in (a) as #p < 0.0001. Asterisks represent significant differences between saline and CNO determined by a Holms-Sidak post hoc test in all other panels (***p < 0.001) = 88.39, p < 0.0001). Effects on the other, less efficient A + →C→B→C pattern were not significant. Unrewarded sequences simultaneously increased (Fig. 4c) . Most frequently, rats stopped responding to the IC entirely and none of the action sequences examined were emitted (A 0 , Treatment × Virus interaction, F 1,28 = 27.92, p < 0.0001), but reward cup entries between ICs also increased (A 0 →C, Treatment × Virus interaction, F 1,28 = 18.61, p < 0.0001), as well as reward cup entries during the IC (A + →C, Treatment × Virus interaction, F 1,28 = 9.10, p = 0.005). Thus, even though reward cup entries declined overall, unrewarded entries VTA-GABA neurons disrupt incentive cue responding... KT Wakabayashi et al. increased. Rats engaged less in the most direct actions to obtain the reward (A + →B→C) and either ignored the IC (A 0 ), sought the reward in absence of the IC (A 0 →C), or erroneously entered the reward cup instead of the nosepoke during the IC (A + →C).
Control experiments to determine whether VTA-GABA activation affects palatability, activity, or if metabolism of CNO to CZP impacts IC responding To determine whether the effects of VTA-GABA stimulation could be attributed to changes in palatability of sucrose, we examined free drinking consumption. Under free drinking conditions, rats will drink in 2-min an equivalent amount of sucrose obtained during the entire 1-h IC task at baseline or after saline (Fig. 5a) . VTA-GABA activation did not alter the amount of sucrose consumed in 2-min under free drinking conditions, even though the volume of sucrose consumed after VTA-GABA activation during the IC task decreased dramatically (Fig. 5b , two-tailed paired t-test, t 16 = 10.97, p < 0.0001). These data indicate that the palatability of sucrose was unchanged and cannot account for the decreased responding to the ICs. In terms of generalized locomotor activity levels, the total distance traveled in an openfield after saline or VTA-GABA activation was not significantly altered via a Treatment × Virus interaction, again indicating that the primary results in the IC task did not arise from gross disruptions in overall locomotor activity. Finally, due to recent evidence that CNO is metabolized to CZP in vivo [32] , we sought to determine whether any of the effects on the IC task were attributable to activity at receptors other than hM3D. We determined that an equivalent systemic CZP dose (0.3 mg/kg, i. p.) did not impact any of the metrics of the IC task (Fig. 5c ) in rats Fig. 4 VTA-GABA neuron activation disrupts instrumental performance while retaining some reward-seeking behaviors. All data are presented as mean ± SEM. a Systemic but not intra-NAc CNO pretreatment significantly reduced reward cup entries during a session compared to saline control (top left), and systemic CNO pretreated rats achieved significantly less rewards than controls (top middle) so that reward cup entries per reward significantly increased after systemic CNO compared to saline (top right). There were no differences between intra-NAc pretreatments (bottom). b Systemic but not intra-NAc increased the mean first rewarded IC at the start of the session, determined by a planned two-tailed Wilcoxon matched-pairs signed-rank test. Note, in some sessions all rats responded to the first IC, thus some bars have no error bars. Far right panel indicate the location of the tip of the cannula in rats used for intra-NAc infusion experiments. c Systemic CNO pretreatment disrupted the appropriate behavioral response pattern to an IC. The number of initial rewarded action sequences after the presentation of the IC (left). Systemic CNO significantly decreased the number of IC (A + )→nosepoke (B)→reward cup (C) sequences. Conversely, CNO had no effect on the IC→reward cup→nosepoke→reward cup response. The number of unrewarded responses sequences after the IC (right) show that CNO significantly increased the number of reward cup entries during an IC presentation (i.e., bypassing a nosepoke: IC (A + )→reward cup (C)), the number of reward cup entries when the IC was not present (end of IC (A 0 )→reward cup (C)) or when there was no detectable behavioral response to the IC (A 0 ). Significant difference between treatment groups determined by a Holms-Sidak post hoc test. Asterisks represent significant differences in the statistical tests indicated (*p < 0.05, **p < 0.01, ***p < 0.001) Fig. 5 VTA-GABA neuron activation does not impair sucrose consumption or locomotor behavior, and clozapine (CZP) has no effect on the incentive cue (IC) task. Data presented as mean ± SEM. a Total volume of sucrose (ml) during the first 2 min of a free-drinking session is equivalent to that obtained during an entire IC session; however, CNO decreased only the total volume consumed only during the IC task (t 16 = 10.97, p < 0.0001) and not free-drinking. b Distance traveled (normalized as a percent of saline control) during a 20-min open-field locomotor test did not statistically differ between saline and CNO pretreatment. c Rats injected with a GFP sham virus into the VTA did not show a behavioral effect after systemic pretreatment with 0.3 mg/kg i.p. CZP across IC task metrics. Asterisks represent significant differences (****p < 0.0001) that do not express hM3D, indicating that metabolism to CZP is not contributing to the primary results of VTA-GABA activation in our earlier experiments.
DISCUSSION
This study produced three key findings. First, that activation of VTA-GABA neurons strongly reduced responding to cues predictive of reward availability by altering the cue's motivational salience. Second, targeted activation of VTA-GABA projections in the NAc did not impact this process. Third, this disruption was cue specific, and other, less efficient reward-seeking behaviors were preserved.
Pursuing and earning a reward in a dynamic environment is not a unitary process, but employs multiple reward-related systems with overlapping neural circuits [7, 33, 34] . Several reward processes have been ascribed to the mesolimbic circuitry, including attributing motivational properties to neutral stimuli (i.e., incentive salience [35] ). It is therefore surprising that optogenetic studies have not found a strong and consistent effect of VTA-GABA activation on cue-induced reward-seeking. Indeed, these previous studies either could not distinguish between decreases in the motivational salience of the cue from decreases in reward consummatory behaviors [18] , or determined that the primary effect of VTA-GABA activation is decreases in reward consumption, with no effect on non-instrumental responding to the reward-predictive cue [19] . We therefore chose to examine this question using a sophisticated and sensitive operant model, and found that VTA-GABA activation does in fact greatly inhibit instrumental responding to reward-predictive cues. Our results support earlier pharmacological evidence that in a task heavily dependent on incentive cues, VTA-GABA neurotransmission attenuates task performance [6] . We have extended these findings by demonstrating that VTA-GABA neuron activation alone is sufficient for producing this effect, establishing that the numerous mesoaccumbal GABA projections do not contribute, and by thoroughly characterizing the nature of the VTA-GABA disruption on ICinstrumental responding.
One proposed hallmark of changes in motivation underlying incentive motivational processes is that such changes should occur at the onset of the session, independent of exposure to the reward [35] . In our study, the rats demonstrated a CNO-induced decrease in motivation for the cue from the onset of the session, before having a chance to assess the value of the reward by consuming it. In addition, VTA-GABA activation did not change sucrose consumption during free-drinking, in that rats will readily consume a similar volume of sucrose compared to saline, and as earned during the IC task (Fig. 5a) . Together, these results indicate VTA-GABA activation did not impact consummatory processes, such as reducing the palatability of the reward.
Our data indicate that VTA-GABA has a substantial effect on instrumental responding. The decrease in accuracy of nosepoking after VTA-GABA stimulation (Figs. 2a and 3a) may result from behavioral disinhibition and responding inappropriately to the cue, an effect also observed after pharmacological inactivation of the NAc in a similar task [6, 29] . However, while VTA-GABA stimulation profoundly decreased responding during the IC (Fig. 3b) , inappropriate perseverative, near-miss, and spontaneous nosepokes did not change (Supplementary Figure S1B) . Thus, the change in accuracy resulted from a drop in responding to the cue, and not behavioral disinhibition leading to inappropriate nosepoking. The decreases in responding also likely do not result from a generalized suppression of locomotor activity (Fig. 5b) . It should be noted that this IC task depends both on the ability of IC to elicit a motivated response, and the instrumental response itself. Therefore, it is not possible to completely dissociate the impact of VTA-GABA neuron activation on cue processing in the current behavior.
To determine whether VTA-GABA activation shifted motivational significance to the reward cup, we mapped the initial sequence of actions after each cue (Fig. 4c) . Normally, the rats responded to the cue in the most efficient way (i.e., entering the reward cup immediately after nosepoking during the cue and rarely selected inefficient or incorrect responses). During VTA-GABA activation, rats most commonly did not respond to the cues (A 0 , Fig. 4c ). However, other inappropriate response patterns appeared, including bypassing the nosepoke for the reward-cup during the cue and reward-cup entries outside the presentation of the cue. Indeed, rats entered the reward cup~4-times more often per earned reward (Fig. 4a) . Thus, there was a decreased responding to the IC coupled with an increased sampling of the reward cup between ICs, suggesting the preservation in the motivation to seek the reward while disrupting responding to the IC directly. While it is possible that other motoric, perseverative or even stereotyped behaviors could account for disruption of IC responding, it seems unlikely given the lack of perseverative nosepoking, alterations in locomotor activity, or free-drinking behaviors.
Surprisingly, activation of VTA-GABA terminals in the NAc did not impact responding to reward-predictive cues in our behavioral task (Figs. 2b, 3b, 4a,b) . Others have suggested that VTA-GABA neurons contribute to associative learning processes, which evaluate the outcome of a goal-directed action against a learned value [17, 18] , and that VTA-GABA projections to the NAc may facilitate this process, possibly by disinhibiting local cholinergic interneurons [20] . However, VTA-GABA projection neurons send efferents to a wide range of other brain areas including the prefrontal cortex and amygdala ( [7, 15, 16] ). VTA-GABA projections likely have unique influences on reward-seeking behavior, yet comparatively little is known about their contribution to motivated behaviors. In transgenic mice, optogenetic activation of VTA-GABA terminals in the NAc failed to alter sucrose consumption (i.e., licking, [19] ) yet activation during training in a conditioned aversion paradigm enhanced predictive cue discrimination to an aversive stimulus [20] . The lack of effect from activating VTA-GABA accumbal projections in our well-trained rats may reflect that the motivational value of the cue remained constant throughout the session, leaving open the possibility that these projections have a role in associative learning. It should also be noted that systemic CNO would activate VTA-GABA interneurons and projection neurons in our study. Thus, the results reported here may be the result of either activating VTA-GABA interneurons, or activating a combination of interneurons and/or different VTA-GABA projection systems in the NAc or elsewhere. Future studies examining these learning processes may expose the role of the VTA-GABA projections to the NAc.
Notably, the validity of DREADD manipulations has recently been questioned, with a recent study showing that CNO is converted to CZP in vivo and is the primary metabolite to activate DREADDs [32] . Proper control studies are therefore important to interpret our results to determine whether activity at non-hM3D contributes to our effects. The dose of CNO used in these studies (0.3 mg/kg i.p.) is low compared to other published studies [36] , and well below the dose considered active in many DA related behaviors [37] . Importantly, this dose of CNO has no effect on any of the metrics of the IC task in sham treated rats that lack DREADDs (Figs. 2-5) , nor does the 300 µmol of CNO infused directly into the NAc (Figs. 2-4) . We also observed a complete inhibition of firing of DA neurons when we applied 0.1 μM of CNO in slices from hM3D expressing rats, and likewise this concentration appears to be much lower than other studies report (e.g., 5 μM, see refs. [38, 39] ). We attribute our ability to successfully use this low dose to the high levels of transgene expression the AAV2/ 10 serotype affords. Alternatively, the VTA-GABA neurons may be more sensitive to hM3D activation. Additionally, even if all of the CNO is converted to CZP, 0.3 mg/kg of CZP administered i.p. has been ineffective in altering other operant behaviors and likewise we showed no effect of this dose in our IC task (Fig. 5c ). Thus we are confident that our results are not attributable to off-target effects of CNO.
In summary, we found that VTA-GABA neurons preferentially regulate processes contributing to the attribution of incentive salience, which are dissociable from other reward-seeking in consumption behaviors in a dynamic and robust operant model. VTA-GABA terminals do not disrupt incentive salience processes or responding to incentive cues, and future studies will need to determine what precise contributions these mesoaccumbal GABA projections have to the behavioral output of mesolimbic circuits.
